Ammonia is a carbon-free fuel and its application to internal combustion engines is expected. However, few studies on ammonia flames, especially at high pressures, have been carried out because ammonia has not been considered to be a fuel owing to its lower combustion intensity. Most of NOx, which is formed by ammonia combustion, is considered to be the fuel NOx. The objectives of this study were to investigate the fundamental characteristics of NOx experimentally, such as NO emission and chemiluminescence of ammonia/air flames not only at the atmospheric pressure but also under high pressures and to explore NO formation/reduction mechanisms using numerical simulation. Experiments were carried out using a nozzle-type burner. NH2 ammonia  band spectra were observed, and it was clarified that the color of ammonia flame is mainly determined by the NH2 ammonia  band and H2O spectra. Burned gas was sampled from ammonia flame stabilized at the burner. The mole fraction of NO decreased with the increase in equivalence ratio at atmospheric pressure. Reaction flow analysis was performed, and it was clarified that the decrease in the mole fraction of NO for rich mixtures was caused by NHi (i = 2, 1, 0). High pressure experiments were performed using a high pressure combustion test facility for stoichiometric ammonia flame. Consequently, the decrease in the mole fraction of NO was experimentally observed and its tendency was found to qualitatively agree with the results of the numerical simulation. It was clarified that the third body reaction of OH + H + M  H2O + M plays an important role in the reduction of the mole fraction of NO at high pressure.
Introduction
Ammonia shows promise as a hydrogen energy carrier (Zamfirescu and Dincer, 2009 ) and an ammonia storage infrastructure and an ammonia manufacturing process, which is known as the Haber-Bosch process, have been established. Recently, new processes for producing ammonia from renewable energy sources, such as solar energy, is being studied (Michalsky, et al., 2012) .
Ammonia is a carbon-free fuel. However, because of its lower combustion intensity, which means a lower calorific value, a slower laminar burning velocity, narrower flammability and so on, in general, ammonia has not been considered to be a fuel. Hence, fundamental flame characteristics of ammonia/air flame have not been fully clarified. Takizawa et al. (2008) , Pfahl et al. (2000) and Zakaznov et al. (1978) investigated the laminar burning velocity of ammonia/air flames and showed that the laminar burning velocity of ammonia/air flames was lower than 10 cm/s for all equivalence ratios. Although flame structures were experimentally investigated by Bian et al. (1986) , NH3/O2/Ar flames were investigated, not ammonia/air flames. The effects of hydrogen addition to ammonia in order to improve the combustion intensities of flames were studied by Kumar et al. (2013) and Lee et al. (2010) . Thus, few studies have been conducted on ammonia/air flames. This may be due to the difficulty of stabilizing pure ammonia/air flames.
Since the flame temperature of ammonia flame is lower than that of usual fuel flame, such as CH4, thermal NOx formation is expected to be reduced. However, because the ammonia molecule contains N atom, most of NOx formed in ammonia/air flames is considered to be the fuel NOx whose formation/reduction mechanisms are different from that of the thermal NOx. Clarification of the NOx formation/reduction mechanisms of ammonia flames is important for achieving NOx reduction in an internal combustion engine. Several detailed reaction mechanisms of ammonia flame have been proposed (Lindstedt, et al., 1994 , Miller, et al., 1983 , Miller and Bowman, 1989 , Tian, et al., 2009 ). Miller et al. (1983 , 1989 ) constructed a reaction pathway for the oxidation of ammonia and showed that HNO, NH2 and NH are important for the formation of NO from the fuel. In addition, ammonia is used as a source of fuel NOx for hydrocarbon fuels in oxy-fuel combustion (Mendiara and Glarborg, 2009, Watanabe, et al., 2012) . Tian et al. (2009) measured the distribution of many species, e.g., NH3 and HCN, in the flame zone for NH3/CH4/O2/Ar flames at the low pressure by using the tunable synchrotron vacuum ultraviolet photoionization and the molecular-beam mass spectrometry. Ammonia is considered to be advantageous fuel for internal combustion engines if its lower combustion intensities are improved because it has an antiknock rating which arises from the high ignition temperature of ammonia and it is carbon-free. Therefore, clarification of the combustion characteristics, especially at high pressure, is important for the design of an ammonia internal combustion engine. Although ammonia flames at high pressure has been studied numerically by Duynslaegher et al. (2010) , there have been no experimental investigations of ammonia flames at high pressures. The authors have studied the characteristics of laminar and turbulent flames at high pressures, not only burner stabilized flames but also spherically propagating flames and showed the pressure dependence of the laminar and turbulent flame characteristics (Kobayashi, et al., 2009 , Kitagawa, et al., 2008 .
Experimental setup and numerical method
Experiments were carried out using a nozzle-type burner with an outer diameter of 14 mm at room temperature. The burner was made of stainless steel to prevent corrosion by ammonia gas. Ammonia was used as fuel and air was used as oxidizer. The flow rate of the main flame and that of the pilot flame were controlled by a mass flow controller (Kofloc, Model 3200) and a mass flow meter (Kofloc, Model 3100) with a needle valve, respectively. The equivalence ratio, , was varied from 0.7 to 1.1 because the laminar flame could be stabilized within the equivalence ratio range.
Experiments at elevated pressures were carried out for a stoichiometric mixture by using the high pressure combustion test facility at the Institute of Fluid Science, Tohoku University. Details of the facility have been described elsewhere (Kobayashi, et al., 1997 (Kobayashi, et al., , 2009 ). The pressure, P, was increased up to 0.3 MPa. In order to stabilize the ammonia/air flame, a small hydrogen flame was used as a pilot flame. Small amount of air was doped to the hydrogen flame in order to enhance the pilot flame. The equivalence ratio of the mixture for the pilot flame was larger than 10. The mass flow rate ratio of hydrogen to ammonia in the experiment was less than 0.18 except for the cases of  = 0.7 at P = 0.1 MPa (in this condition, the mass flow rate ratio was set to 0.43). A quartz tube with an inner diameter of 55 mm and a height of 140 mm was placed on the burner in order to prevent the convection around it. In addition, steel mesh with a hole of 12 mm in diameter was fixed on the outlet of the burner. The radiation spectra from ammonia/air flame were measured by a spectroscope (StellerNet Inc., BLUE-Wave UVNb-50). The NO emissions were analyzed by a gas analyzer (TESTO, . A water-cooled stainless steel sampling probe was installed approximately 40 mm in downstream from the top of the flame cone. Sampled gas was water-cooled in the sampling probe and then the sampled gas was transported through water bubbling equipment to remove unburned ammonia. Then, the gas was introduced into a drain separator (Best Sokki, BSU-100) to remove H2O vapor and finally the gas was introduced into the gas analyzer.
One-dimensional numerical simulation using CHEMKIN-PRO (2010) was performed. The temperature of the unburned mixture was set to 298 K. A detailed chemical kinetic model proposed by Tian et al. (2009) , which consists of 84 species and 703 reactions, was used. The origin of distance, x, was defined as the position at which the temperature was 400 K in order to easily understand the flame structure, flame thickness and so on. The validation of Tian's mechanism for ammonia flames must be considered by comparison with experimental and numerical results, but,
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The objectives of this study were to explore fundamental ammonia/air flame characteristics, such as chemiluminescence and NO formation/reduction mechanisms. The radiation spectrum was measured to identify the chemiluminescence of the flame. The NO emissions from burner stabilized premixed laminar ammonia/air flames were investigated experimentally at various equivalence ratios and elevated pressures for the first time. The NO formation/reduction mechanisms for ammonia/air flames were examined in terms of the reaction pathway by a numerical simulation.
© 2015 The Japan Society of Mechanical Engineers [DOI: 10.1299/mej.14-00402] experimental data available for the validation of the mechanism are presently insufficient. In this study, laminar burning velocities of experimental data and numerical results were compared for the validation of the mechanism. Figure 1 shows the relationship between the laminar burning velocity, SL, and the equivalence ratio, , at P = 0.1 MPa. The laminar burning velocity was obtained from this simulation. The maximum laminar burning velocity was 8.98 cm/s at  = 1.1. As shown in Fig. 1 , the calculated laminar burning velocities could be used to predict the experimental values of laminar burning velocity obtained by Takizawa et al. (2008) , Pfahl et al. (2000) and Zakaznov et al. (1978) , especially in lean mixtures. In addition, equilibrium calculations were performed using the Gaseq code (Morley, 2006) .
Results and discussions 3.1 Experimental results
Ammonia flames could be stabilized on the nozzle-type burner. Figures 2(a) and (b) show the flame image of stoichiometric ammonia/air premixed flame at P = 0.2 MPa and 0.3 MPa, respectively. The unclearness around the flame base was due to the scattering of chemiluminescence by condensed water inside the quartz tube. A smooth flame front and orange chemiluminescence were observed for all the examined conditions. Visually observed flame thickness did not change so much within the examined pressure, as shown in Figs. 2(a) and (b). In the case of hydrocarbon fuels, orange color is caused by carbon. However, there are no carbon atoms in an ammonia molecule. In order to identify the spectra which cause the orange color in the ammonia/air flame, the radiation spectra of the flame were measured. (Zakaznov et al.) 14 mm 14 mm (2000) and Zakaznov et al. (1978) . 4 Figure 3 shows the relationship between radiation intensity, E, and wavelength, . The values of E were normalized by the maximum value of measured radiation intensity. As shown in Fig. 3 , the values of E of yellow to red within the visible ray range were large. Intense spectra at 543.6 nm, 571.3 nm, 604.2 nm, 630.2 nm and 665.2 nm were observed. These spectra agreed with the NH2 ammonia  band (Pearse and Gaydon, 1976) . The spectra from superheated H2O vapor obtained by the HITRAN database (Rothman, et al., 2005) are also shown in Fig. 3 . It was found that the intense spectra at around 735 nm, 825 nm, 900 nm and 920 nm may be from H2O vapor. Therefore, the orange flame may be caused not only by the NH2 ammonia  band but also by the H2O vapor spectra. It was presumed that a large amount of NO may be formed because an ammonia molecule itself contains an N atom. Thus, it is important to clarify the fuel NO formation mechanism of ammonia/air flame. Figures 4(a) and (b) show the variation of mole fraction of NO in terms of equivalence ratios and pressures, respectively. The mole fractions of NO in Fig. 4 are shown in units of ppm. Because NH3 should not be introduced into the gas analyzer, NH3 and H2O were removed in the water bubbling equipment. Although these species should be included in the experimental results, the amount of NH3 and H2O removed by the bubbling equipment could not be evaluated. Therefore, the values of these species were not considered in the experimental results of NO mole fraction in Fig. 4 . The measured mole fraction of NO were converted to the values shown in Fig. 4 according to the Japanese regulation of NOx emission from gas turbines, which is determined based on the case that O2 concentration of the mixture is 16 %. The values of the mole 5 fraction of NO obtained by numerical simulation were those at a distance of x = 40 mm, which is equivalent to the gas sampling point in the experiment.
As shown in Fig. 4(a) , the mole fraction of NO reached a peak at  = 0.8. The mole fraction of NO decreased with the decrease or increase in equivalence ratio from 0.8. The mole fractions of NO obtained by the experiment were close to those obtained by equilibrium calculation for lean mixtures. In the case of rich mixtures, the values of the mole fraction of NO, which were obtained from the experiments, were middle values between those of equilibrium and simulated ones. As shown in Fig. 4(b) , the mole fraction of NO decreased with the increase in pressure. The mole fractions of NO obtained by equilibrium calculation and numerical simulation also decreased with the increase in pressure. However, the pressure dependence of equilibrium values was very small. A large difference of NO mole fractions appeared between the experimental and numerical results. As described in section 2, the validation of the mechanism for the application to ammonia flame was not completely sufficient due to insufficient experimental data at this moment. However, the variation of NO mole fraction with equivalence ratios agreed qualitatively as shown in Fig.  4 .
Numerical investigations 3.2.1 Effects of equivalence ratio
Figures 5(a), (b) and (c) show the flame structures of ammonia/air flames of  = 0.7,  = 1.0 and  = 1.1, respectively, at P = 0.1 MPa. In the case of lean flame, very thick laminar flame was observed owing to the low laminar burning velocity. The mole fraction of NO is also shown in the upper graph. The mole fraction of NO sharply increased in the reaction zone. It was different from the thermal NO formation which gradually increased in the post-flame region (Kuo, 2005) . In the case of rich flame, the generated NO rapidly decreased. Although the mole fraction of NO for rich flame was lower than those of lean and stoichiometric flames, unburned NH3 with a mole fraction of 4.59  10 -7
remained at x = 40 mm. The amount of unburned NH3 was close to 1 ppm, which is the NH3 regulation value of the offensive odor control law in Japan. Thus, the small amount of unburned ammonia should not be ignored. The mole fractions of NO at x = 7 mm in Fig. 5 were larger than those of the equilibrium ones shown in Fig. 4(a) . As shown in Fig. 6 , the calculation domain was extended using the Plug Flow Reactor (PFR) model. The value of the mole fraction of NO gradually decreased in the PFR region, i.e., post-flame region. Therefore, a long distance and residence time were required to reach its equilibrium value.
In order to clarify the NO reduction in the post-flame region of rich flame, reaction flow analysis (Warnatz, et al., 1996) was performed. In this study, the reaction flow diagram was made based on Eq. (1):
where, Si is the integral of the reaction rate of reaction i, i. The values of x0 and x1 are the lower and upper limits for the integral of Si.
© 2015 The Japan Society of Mechanical Engineers [DOI: 10.1299/mej.14-00402] Figure 7 shows the reaction flow diagram of ammonia/air flame at  = 1.1. The same species as those in the ammonia oxidation reaction flow diagram (Miller, et al., 1983, Miller and Bowman, 1989) were selected for the diagram. In this study, x0 was set to the point at which the heat release rate decreases to 1% of the peak value of the heat release rate and x1 was set to the end of the calculation domain of 1D flame model. In this region, NO was mainly formed by the following reactions: The reaction numbers correspond to those of the mechanism of Tian et al. (2009) . On the other hand, NO was reduced by NHi (i = 2, 1, 0) species formed from excess NH3 in the mixture. Fig. 7 , the summation of the reduction rate of NO, 4.30  10 -7 mol/(cm 2 s), was faster than that of the formation rate of NO, 2.61  10 -7 mol/(cm 2 s). Thus, it was presumed that those reactions, i.e., R371, R395, R383 and R390, cause the reduction of the mole fraction of NO in rich mixtures. On the other hand, the NO mole fraction decreased gradually in the post flame regime as shown in Fig. 6 . The condition shown in Fig. 6 was stoichiometry, excess NH2 and NH did not exist in this condition. This reduction of NO mole fraction is induced by R 390. Figure 8 shows the variations of mole fraction of NO within the flame zone in the stoichiometric condition in terms of the effects of pressure. As shown in Fig. 8 , the peak value of the mole fraction of NO decreases with the increase in pressure. Therefore, it was presumed that the chemical reactions regarding NO formation in the reaction zone have pressure dependence. Figure 9 shows the variations of sensitivity to the mole fraction of NO at the point where it reaches its peak value. It was found that the sensitivities of the following reactions highly depends on the pressure.
Effects of pressure
The absolute value of sensitivity to the mole fraction of NO for those reactions increased with the increase in pressure. Especially, R14 had negative sensitivity and the highest pressure dependence. Figure 10 shows the relationship between the reaction rate of i, i, and temperature, T. The reaction rates were normalized by the maximum value of the reaction rate of R357, 357,max, because the sensitivity of R357 had no pressure dependence and the reaction rate of R357 was relatively large in all reactions. The reaction of R357 is as follows: NH2 + O  HNO + H (R357) As shown in Fig. 10 , all reaction rates relatively increased with the increase in pressure. Especially, the relative increase in the reaction rate of R14 was the largest. The third body reaction of R14 consumes the active radicals, OH and H, and forms the stable species, H2O. Those radicals play an important role in NO formation (Miller, et al., 1983, Miller and Bowman, 1989) . Therefore, it is reasonable to understand that the decrease in the peak value of mole fraction of NO is caused by restriction of NO formation due to the consumption of OH and H radicals. Premixed ammonia/air laminar flames at the various equivalence ratios and pressures were investigated experimentally and numerically in order to clarify the fundamental flame characteristics, such as chemiluminescence and NO emission, and the NO formation/reduction mechanisms. The equivalence ratio was varied from 0.7 to 1.1 and pressure was set to up to 0.3 MPa. Ammonia/air flames were stabilized on a nozzle-type burner. Gas analysis and spectra measurements were carried out. Numerical simulations of ammonia/air flames were also performed. The following results were obtained.
1.
The color of ammonia/air flames was orange for all examined conditions. The intense spectra agreed with the NH2 ammonia  band and the H2O vapor spectrum. The color of ammonia flames is induced not only by the NH2 ammonia  band spectra but also by the H2O vapor spectra. 2.
In the numerical simulations, the mole fraction of NO sharply increased within the reaction zone and then gradually decreased. In the case of rich flames, the generated NO rapidly decreased. Reaction flow analysis in the post-flame region indicated that the NO reduction was caused by NH2, NH and N, which are generated from excess NH3. 3.
The mole fraction of NO decreased with the increase in pressure of the stoichiometric mixture. The reaction rate of R14, OH + H + M  H2O + M, relatively increased with the increase in pressure. It is presumed that OH and H radical consumption by R14 causes the restriction of NO formation.
